Iron and amino acids enter young red cells and are incorporated into hemoglobin, but the pathway of iron after entering the erythroblast is not understood nor is it clear in what sequence iron, protoporphyrin, and globin join to form a complete hemoglobin molecule. Several lines of evidence have suggested the presence of an intracellular, nonheme iron protein that may be an intermediate in the formation of hemoglobin (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . This report describes a protein fraction from human and dog marrow cells which appears from isotopic studies to be such a precursor of hemoglobin. It does not contain heme, and it can be readily differentiated from siderophilin and ferritin.
MATERIALS AND METHODS
General methods. Serum iron and iron-binding capacity were determined by the method of Peters, Giovanniello, Apt and Ross (11) . Quantitation of hemoglobin samples was done on a Beckman model DU spectrophotometer. Molecular extinction coefficients used were 1.2 X 10' at 415 mg for oxy-or carbonmonoxy-hemoglobin and 1.08 X 10' at 415 my for cyanmethemoglobin. Other proteins were determined by extinction at 280 m.i or by a turbidometric method with cationic detergent and alkali (12) . Heme was isolated by the method of Fischer (13) or by the method of Kassenaar, Morell and London (14) .
Isotopes and counting. Uniformly labeled L-leucine-Cl' (4.15 me per mmole) was purchased from Merck and Co., Montreal; glycine-2-C1' (2.44 mc per mmole) from New England Nuclear Corp.; and Fe'-citrate (approx. 500 me per mmole) from Abbott Laboratories.
Radioactive iron was counted in a well scintillation counter (Baird-Atomic model 810 detector with 1.75 X 2 inch crystal, modified to match Packard Autogamma * This work was supported by Research Grants C2643 and H2751 from the United States Public Health Service. Dr. Greenough was a Public Health Service Research Fellow of the National Cancer Institute. Presented in part at the meeting of the American Society for Clinical Investigation, Atlantic City, N. J., May, 1961. spectrometer, series 410A). Efficiency for Fe' was about 0.12. C1' counting was performed on a Robinson windowless flow-gas counter (15) Preparation of hemoglobin solutions. After incubation the cells were washed 3 times with 10 vol isotonic saline and centrifuged for 10 minutes at 240 G. The cells were lysed by exposure to 4 vol distilled water for 15 minutes at 40 C with vigorous shaking. The lysate was centrifuged for 15 minutes at 1,500 G at 40 C, and the supernate was then centrifuged for 30 minutes at 100,000 G at 4' C. The resulting clear red "hemoglobin solution" was kept at 4' C until chromatographed, usually within 24 hours.
Hemoglobin solutions stored for long intervals at 40 C, at room temperature, or frozen at -20' C gave altered chromatograms (17) . Dialysis of hemoglobin solutions was associated with the formation of precipitates, and hence dialysis was not usually performed. In some instances brief dialysis was necessary to obtain adsorption to the resin. (18) and was titrated from the acid side to near the desired pH with NaOH. The resin was then washed with a 100 vol excess of distilled water and equilibrated with the starting buffer until the pH was regulated to within 0.05 pH U of pH 7.00. Hemoglobin binding varies greatly with very small pH changes between pH 6.8 and 7.2, and accurate equilibration of a batch of resin is critical. Columns (1 X 10 cm) were generally packed by gravity 1 to 2 hours before use.
We evolved a linear gradient elution system using two identical 500-ml cylindrical bottles connected at the bottom by polyethylene tubing. The starting buffer was 0.0067 M sodium phosphate with 0.0033 M KCN at pH 7.0. The limiting buffer was 0.5 M NaCl dissolved in the starting buffer. Flow rates of 1 to 2 ml per cm2 per hour were used. The rate of increase in ionic strength was regulated by the volumes placed in the reservoirs, as well as by the flow rates.
Initial investigation of rates of incorporation of labeled amino acids and iron into the various components separated by IRC-50 columns showed no difference except for the fraction that elutes with the solvent front.
This fraction (Fr I), termed V. by Huisman and Prins (19) , showed a markedly different kinetic pattern and specific activity. Accordingly, in many experiments Fr I was separated with the starting buffer, and all other components were eluted from the column by changing directly to the limiting buffer.
Recoveries from IRC-50 columns were better than 95 per cent, based on measurements of absorbance of 280 and 415 miu. Fractions were collected on a volume-activated fraction collector or, in the case of the two-stage columns, by hand.
Chromatography on DEAE-cellulose. This system was used for the further purification of Fr I. DEAE-cellulose (Selectacel, Brown Co., Berlin, N. H.) was alternately washed with 0.1 N HCl and 0.1 N NaOH three times, ending with an alkaline cycle, and then repeatedly washed with distilled water to pH 7.0. A linear gradient of increasing ionic strength and decreasing pH was used, starting with 300 ml distilled water. The limiting buffer was 300 ml 0.01 M acetate at pH 4.0 with 2 M NaCl. Columns of 40-cm length and 1-cm diameter were used and were packed by gravity.
Immunochemical studies. Antibodies were made in female rabbits against dog liver ferritin and dog Fr I.
The ferritin was made according to Granick (20) and was recrystallized three times. Fr I was purified by DEAE-cellulose chromatography as described above. Rabbits were injected with 9 mg of Fr I mixed with Freund's complete adjuvant (Difco-Bacto); 12 to 16 injection sites in the neck and sacrospinalis muscle group were used, each depot being less than 0.5 ml. Thirteen mg of ferritin was used in similar fashion. At 4 weeks the rabbits were exsanguinated by heart puncture and the serum harvested. Antibody activity was tested by a precipitin ring test against dilutions of antigen. The antiferritin antiserum produced precipitation with 2 ltg of ferritin per ml; the anti-Fr I with 23 img of Fr I per ml. Antisiderophilin was a sample of goat antihuman transferrin, kindly provided by Hyland Laboratories.
Concentration of Fr I. This was done to some extent by dialysis against polyvinylpyrrolidone. Considerable loss due to the formation of an insoluble precipitate limited efforts at concentration.
Electrophoresis. Electrophoresis was performed on cellulose acetate (Oxoid) in a Shandon Universal electrophoretic apparatus (Consolidated Laboratories, Inc., Chicago Heights, Ill.) ; 5 X 12 to 18 cm strips were used in a 0.005 M veronal buffer, at pH 8.6, with 13 v per cm. After 2 hours the strips were fixed and stained with Lissamine green SF for protein, as described by Brackenridge (21).
RESULTS
Chromatography. Figure 1 heterogeneous, consisted mainly of nonheme p teins, while the subsequent fractions were ma up of hemoglobins. After incubation of marry in vitro with Fe59-or with C"4-labeled ami acids, the relative activities of these hemoglob were similar at all incubation times, while thetivity of Fr I was markedly higher. In the f lowing discussion the hemoglobins (fractions to 80) are considered collectively and referred as "Main Hb."
Kinetics. after a delay of 7 to 10 minutes. Thereafter hemoglobin synthesis proceeded at a linear rate for 4 to 6 hours. There was no delay in the appearance of radioactivity in Fr I, and its activity rose steeply to peak values in 10 to 30 minutes. Figure 3 shows the incorporation rate of L-leucine-C14 into Fr I and Main Hb. The incorporation of leucine-C14 into Fr I and Main Hb showed the same time curves as that of Fe59. There was no significant difference between human and dog marrow with respect to the kinetics of Fe59-or C'4-labeled amino acid incorporation. After incubation in vitro there was a wide varia- tion from one marrow to another in the degree of labeling of hemoglobin. This variation was still observed after correction for the number of red cell precursors present and any differences in the substrate. Different sera have widely differing potency in promoting heme synthesis (16) . For this reason a direct comparison between different experiments is difficult. Figure 4 illustrates the ratio of Fe59 incorporation into Main Hb and Fr I at progressive times in all experiments performed. Despite different absolute levels of synthesis, the ratios of Main Hb to Fr I were similar. In the first 10 minutes the total Fe59 in Fr I was two to ten times that in the Main Hb. The activities became equal after about 30 minutes, and thereafter there was a progressive increase in that of Main Hb.
Effect (Figures 5 and 6 ): aliquots of a marrow suspension were incubated for 10 minutes with Fe59 bound to autologous serum protein or with leucine-C04. At 10 minutes the incubation was stopped by lowering the temperature to 40 C. The marrow cells were washed free of external radioactivity at 40 C and reincubated for 4 hours in the same concentration of unlabeled iron or unlabeled leucine as was present initially.
There was a fall in total Fe59 activity in Fr I and a rise in activity in the Main Hb which, although less rapid than prior to cell washing, was definite ( Figure 5 ). The stroma, mitochondria, and microsomes also showed a drop in activity after cell washing. That the Fe59 in Fr I did not fall further may be due to the large amount of Fe59 that became attached to the stroma in these experiments. It appeared possible that Fr I received iron from stroma and yielded it to hemoglobin (8) . As long as the stromal iron pool was high, a large drop in Fe59 in Fr I would not be expected.
The C14 level of Fr I also fell, while the C14 level of Main Hb increased ( Figure 6 ). An (Figure 7 ).
The lysate system was able to incorporate Fe59 from added Fe59-citrate into Main Hb (Figure 8) precipitate settled out, and the Fe59 radioactivity remained in the supernate.
Distintction from siderophilin. Fr I bound iron much more firmly than did siderophilin (Table I ). These two substances exhibited different rates of migration upon electrophoresis on cellulose acetate, at pH 8.6, with veronal buffer. There was no cross reaction of antisiderophilin antiserum with Fr I. Distinction from ferritin. Fr I and ferritin have in common the property of heat resistance. However, upon electrophoresis the radioactivity in crude Fr I migrated in the opposite direction from ferritin ( Figure 9 ). Crude Fr I placed opposite antiferritin antiserum produced a faint band in agar diffusion, but this band did not coalesce with bands produced by crystalline liver ferritin (Fig-FIG. 10 . AGAR GEL DIFFUSION PLATE. Center well, antidog liver ferritin; 1, crude Fr I; 2, 4, 6, dog liver ferritin; 3, dog hemoglobin; 5, Fr I purified by DEAEcellulose chromatography. ure 10). There was no apparent reaction with purified dog Fr I. Anti-Fr I produced no reaction with crystalline liver ferritin.
Purification. A system of DEAE-cellulose column chromatography gave some resolution of the components of dog Fr I. A typical chromatogram is shown in Figure 11 . The material in crude Fr I absorbing at 415 mu appeared in the first peak. Most of the Fe59 coincided with a subsequent sharp maximum of absorption at 280 m/.
This material had a ratio of D415: D280 of less than 1: 1,000 indicating no detectable heme protein. 
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That this purified material is a protein is indicated by the following facts. It has a single absorption maximum at 280 m/u; it is nondialyzable; it is precipitated by 5 per cent trichloroacetic acid; it has the staining properties of a protein on electrophoresis; it reacted with cationic detergent and alkali in the method of Jacox (12) for protein determination.
DISCUSSION
These studies have demonstrated that, when marrow is incubated with Fe59, radioactivity appears in the first few minutes not only in stroma and particulate matter but also in a soluble nonheme protein fraction (Fr I). There is a delay of some 5 to 8 minutes before significant activity appears in hemoglobin. Consideration of total count flux suggests that Fr I must play a major role in iron transport to hemoglobin.
Two pathways for the movement of iron into young red cells have been described: the transfer of ferritin from macrophages to young red cells by pinocytosis (4); and the direct transfer of iron from the plasma iron-binding protein to the young red cells (2, 8) . Since marrow is composed of many cell types, our studies cannot exclude a cellto-cell transfer. However, radioautographic studies indicate that most of the iron taken up by marrow cells is in the red cell precursors (22) , and microspectrophotometric studies show nonheme iron in these cells (9) . Reticulocyte preparations that do not contain macrophages are capable of making hemoglobin from Fe59 bound to plasma iron-binding protein (23) . We have shown that the active material in Fr I is neither plasma ironbinding protein nor ferritin. Hence, the weight of evidence indicates that the kinetics described occur entirely within young red cells.
Several investigators have suggested an intracellular intermediate in the transport of iron from stroma to hemoglobin (1, 2, 8, 9 ). The studies presented here describe an intracellular iron protein that was readily differentiated from siderophilin and ferritin, the only known soluble nonheme proteins important in iron transport. This soluble protein appears to be the vehicle by which iron is moved from fixed stromal pools to hemoglobin. The relationship, if any, of this soluble protein to the "heme synthetase system" and, especially, "fraction II" described by Schwartz and colleagues (24) remains to be elucidated.
The striking parallel in kinetics between iron and amino acid incorporation raises the possibility that this protein is a precursor of the globin portion as well as of the iron of hemoglobin. This concept is reinforced by the observation of the appearance of C14-leucine in Main Hb when Fr I prelabeled with C14-leucine was incubated in a cell-free marrow lysate. Studies are continuing on the nature of the Fe59 and leucine precursor substances.
If the active portion of Fr I is incorporated in toto into hemoglobin, it is necessary that the leucine-containing material be closely related to, or identical with, part of the globin molecule. As yet, enough material of sufficient purity is not available to make any comment other than that there are many properties in common between the two. It is interesting to note that a highly labeled protein closely related to globin present in young red cells could well contribute an important increment of radioactivity to both in vivo and in vitro studies of heme versus globin formation. This problem could be avoided by using an IRC-50 column to prepare "pure" hemoglobin before the isolation of globin.
A scheme of hemoglobin synthesis which includes a common precursor for the iron and the peptide chains may be discussed as outlined in Figure 12 . Iron from siderophilin, and perhaps ferritin, enters the hemoglobin-forming cell, where it is bound to the insoluble stromal proteins (8 
